ABSTRACT
Back to the 1950s, in the early days of radiosurgery, arose the concept of placing a stereotactic lesion using radiation, in order to cause a lesion in brain regions involved in pain and mood disorders 34 . At that time, Lars Leksell, a renowned Swedish neurosurgeon, played a major role in establishing, in the following years, the design of a helmet and radioactive seeds that could deliver radiation to a given point, while preserving the surrounding structures.
After an initial period of enthusiasm with this new technology, a decrease in the number of cases treated emerged, due to the discovery of new drugs that could help patients with pain and affective disorders.
At the present time, the most common cases treated with radiosurgery in most centers are mainly related to brain tumors, either malignant or benign, but the cases of functional cases treated with this method are increasing worldwide as well.
Before discussing this subject, it should be stated that one major concern with functional radiosurgery is mainly related to the absence of neurophysiological confirmation, which is a common step while performing open functional neurosurgical procedures. Therefore, reliability should be based mainly in anatomical structures 31 . A further concern is related to the fact of some degree of unpredictability of response after radiosurgery that can be partly explained by a varied sensibility of neural structures after radiation
Pain
At first, many targets have been used in the treatment of refractory pain, either benign or related to cancer. Mostly, they were achieved through lesions in neurological structures, such as the brain, spinal cord, cranial and peripheral nerves, as well in the autonomic nervous system. The development of better analgesic drugs, as well as the increment of techniques of neuromodulation and spinal infusions led to a reduction in the number of patients treated by ablative techniques.
Furthermore, some patients may still benefit from ablative techniques such as radiosurgery. The most common indication certainly is related to facial pain, particularly trigeminal neuralgia.
Trigeminal Neuralgia is a major cause of orofacial pain, manifesting as a short-lasting, usually shock-like pain, located in one or more of the three trigeminal branches, most frequently in the second or third division. Often it is worsened by mechanical stimuli to facial sites (also called trigger zones), as well as by facial movements such as teeth brushing, shaving, speaking and swallowing 18 .
Although the primary treatment is medical, mostly using anticonvulsants, radiosurgery has become a very attractive modality of treatment for the refractory cases, when the conservative treatment using drugs is not enough to produce significant relief of the symptoms or when there are disabling side effects of these medications. Major reasons for the greater use of radiosurgery in recent times are the fact of being noninvasive (remembering that many patients affected by this disease are elderly) and its good rate of successful results without major side effects.
Microdecompression may be considered the method of choice for patients with trigeminal neuralgia when there is a vascular conflict, notably in younger patients. The occurrence of a blood vessel compressing the trigeminal nerve, usually at the REZ (root entry zone), a particular susceptible area where there is a transition between the myelination of the central nervous system (olygodendrocites) and the peripheral nervous system (Schwann cells) of the trigeminal nerve in its exiting point from the pons, has been advocated as generating abnormal electrical currents in the nerve 36 . The technique of surgical displacement of these vessels, decompressing the nerve at the REZ has been proposed and advocated by neurosurgeons such as Jannetta 23 and is nowadays the method of choice in many neurosurgical services, due to its high rate of long-term success. However, it may not be advisable to be used in the elderly or those with significant comorbidities, when there may be a high surgical risk.
Percutaneous methods, such as radiofrequency rhizotomy, balloon compression (microcompression) and glycerol injection, carry lower surgical risks, but have disadvantages, such as the occurrence of facial hypoesthesia, sometimes with disabling dysesthesias.
Due to the aforementioned reasons, radiosurgery has become an alternative for cases when decompression has been ineffective in young people or as first choice treatment in elderly person. It can be used after surgical procedures, but should be used with caution in those with moderate to severe facial hypoesthesia as well as those with deafferentation pain. Similarly, those cases treated with radiosurgery needing a further surgery can be treated without significant difficulty.
The radiation over the trigeminal nerve promotes its action directly on neurons, decreasing the synaptic transmission of aberrant neural inputs that ultimately produces pain. Most of studies of radiosurgery effects have been done in animals. The main findings in these animal models are: a) there is a difference of radio sensitivity of different nerve fibers; b) the ability to induce these changes are dose-dependent and; c) that the analgesic effects are probably due to chemical reactions leading to sodium channel block 16, 49 . Histological changes show focal damage of the nerve, such as demyelination and axonal degeneration. Necrosis can occur when high doses (not used in clinical practice) are used 28 . However, there are only few descriptions of human necropsy report of patients treated with radiosurgery submitted to autopsy 12 .
An accurate image of the trigeminal root is critical for the treatment and, for that reason, Magnetic Resonance Imaging 9 is advisable in most cases. Computed tomography 32 may be used only in patients with contraindications, such as in pacemaker users. The best site for treatment with radiosurgery is quite different when compared to other interventional modalities, since the most used site is the retrogasserian cisternal part of the nerve, some millimeters apart from the REZ (the portion treated with microdecompression), as well as apart from the gasserian ganglion zone (used in percutaneous treatments such as radiofrequency, balloon and glycerol). Most authors choose to deliver a single 4 mm shot to a portion 7-8 millimeters away from the origin of the trigeminal nerve at the pons. In our service, we use a single 4 millimeters shot with a maximal dose of 85 Gy when considering the first radiosurgical treatment (Figure 1 ). Sheehan et al. related a better outcome in patients treated with radiosurgery focused to the location of the vascular compression 52 .
Indeed, in most centers, the dose ranges between 70 to 90 Gy 62 . An increase in the dose is related to a better pain relief but at the cost of a higher rate of radiosurgical complications. For that very reason, the physician should evaluate each patient and his/her expectancies, explaining the risks and benefits. A longer length of nerve treatment, with two isocenters does not increase the rate of success, but increases the chance of complications 12 .
The patients and the neurosurgical team should also be aware of the time required to the development of the expected chronic changes in the trigeminal nerve that promote pain relief. It is usually expected a time between 2 to 5 weeks for a significant response. Meanwhile, the patient should be kept in his/her usual medication program.
Trigeminal neuralgia related to other neurological conditions has shown good response to radiosurgical treatment as well. In multiple sclerosis, the probability of being pain-free without medication was 87.2% after 6 months, but decreased to only 20.5% after 10 years 56 . In patients with megadolichobasilar artery, the results have been shown to be better, with a 93.1% rate of remaining pain-free without medication after 6 months to a rate of 75.7% chance after 2 years, when the results remained stable for up to 13 years after treatment 57 . In sclerosteosis, Andrade et al. 6 suggested radiosurgery as a treatment option despite the lack of published data.
Alpert et al. 1 , in 2005, reported better results with higher doses (up to 90 Gy), as well as using two isocenters instead of only one. Indeed, a maximal dose of at least 70 Gy is related to better outcomes 29 . The results of radiosurgery for trigeminal neuralgia are shown in Table 1 .
Although radiosurgery is non-invasive, the patients should be alerted of possible complications. They include side effects that can occur in every radiosurgery, such as adjacent brain edema and radiation-induced neoplasias, as well as those related to the trigeminal nerve apparatus and its surrounding.
The incidence of new facial sensory deficits varies from 0 to 57% 63 , but in general they are mild and not troublesome. Pollock et al., in 2002 reported a strong correlation between the occurrence of hypoesthesia and the pain control, wherein those who developed new sensory deficits had a rate of 4.5 times of better outcome 41 .
In patients with recurrence of pain, the physician should discuss with the patient the possibility of repeating an additional radiosurgical procedure or using one of the other methods explained above. The rate of success after a repeated radiosurgery is similar to those found with the first treatment, but the incidence of facial hypoesthesia is higher 21 . In general, an additional radiosurgery is done only in those who experienced transient or partial benefit with the first procedure.
There are some descriptions of cases of radiosurgery for other cranial neuropathies, such as those due to Herpes Zoster 59 . Keep et al. 26 , described in 2005 a series of three patients treated with Gamma Knife Radiosurgery for refractory postherpetic neuralgia in the facial region. The treatment consisted of a double lesion, either at the retrogasserian trigeminal nerve as well as in the centromedian nucleus of the thalamus. Two of them had a good to excellent pain relief while the third had no decrease in the pain intensity but showed a decreased area of pain.
Indeed, radiofrequency lesions at the medial portion of the thalamus (including the centromedian and parafascicular nuclei) have been described by authors such as Tasker and Jeanomod 24, 55 . Further studies in the late 1990s showed good results of radiosurgical thalamotomies for other neuropathic pain conditions, e.g. spinal cord lesions, postherpetic neuralgias, thalamic pain, anesthesia dolorosa and brainstem infarction 27, 64, 65 . Epilepsy is a neurological entity related with a significant disability, and social and economic losses. Its many forms have been studied in centers all over the world, where clinicians, neurologists, neurophysiologists and neurosurgeons try to find out solutions to better achievement of symptoms' control.
Historically, the treatment of epilepsy has had major developments in the last decades. The discovery of new drugs and their potential role for the control of seizures has brought new hope for patients and doctors. Nevertheless, a significant number of patients still did not achieve a significant relief, challenging the medical team.
In selected cases, neurosurgical techniques can help in these refractory cases. Probably, the most common indication for neurosurgical treatment is the mesial temporal lobe epilepsy. In the beginning of the 1950s, neurosurgeons such as Bailey, Gibbs and Falconer 2,10 have adapted electroencephalography to help localizing temporal lobe epilepsy and its surgical resection. Niemeyer improved these techniques by suggesting a selective resection of mesiobasal structures 22 . In the course of time, ancient and new techniques have been refined. Nowadays, procedures such as selective amygdalohippocampectomy, and other techniques such as callosotomy, functional hemispherectomy and subpial transections are part of the armamentarium of the functional neurosurgeon 37 .
The advent of radiosurgery and its further application in creating lesions inside the brain with significant precision in a non-invasive way warranted these procedures to become a very attractive modality of treatment, especially after the finding that radiation treatment for tumors and arteriovenous malformations showed a decreased number of seizures, independent of the resolution of these lesions 15, 19, 47 . Based on imaging changes, radiosurgery is related to cause local vascular injury and neuronal loss, which could promote improvement in the epileptic discharges 4, 60 .
Indeed, the first descriptions of the anticonvulsant effect have been found in arteriovenous malformations (AVMs) 19 , but the most strong evidences came after the series accumulated by Steiner et al., in 1992 54 , describing a decrease in the number of seizures in up to 69% of patients treated for AVMs. This effect, as showed was independent of the resolution of the nidus.
Despite the few number of experimental models of epilepsy in animals, some conclusions have been taken, such as: a) no need for neuronal loss through radionecrosis for the anticonvulsant effect; b) anticonvulsant effect varies according to the dose, target and postoperative duration and; c) no direct correlation between the dose and target in animals and humans 42 .
Nowadays, the most common indication for radiosurgery in epilepsy is also the mesial temporal lobe epilepsy (MTLE). Indeed, this medical disease remains as the main cause of medically intractable epilepsy in adults and probably the excitement with good surgical results promoted a search for less invasive methods, such as radiosurgery.
A prospective, multicenter study evaluating Gamma Knife Radiosurgery for mesial temporal epilepsy has been published by Barbaro et al. in 2009 3 . In this study, patients were randomized to receive either 20 or 24 Gy targeting the amygdala, hippocampus and parahippocampal gyrus. Three years after the procedure, 67% of patients were seizure-free in the last 12 months (76.9% of those receiving a high dose and 58.8% of those with low dose), a similar result to that found after surgical resection. They included evaluation of cognitive changes in the long-term follow-up, with a rate of 15% of patients who developed verbal memory impairment while 12% had significant verbal memory improvement.
Quigg et al., in 2011 43
, analyzed the neuropsychological outcome of 26 patients treated with Gamma Knife Radiosurgery for mesial temporal epilepsy and found that many aspects such as language, verbal memory, cognitive efficiency, mental flexibility and mood did not change from baseline. Quality of life scores improved after two years due to the improvement in the number of seizures.
Chang et al. 42 have shown that despite a standardized radiation dose in the treatment of mesial temporal lobe epilepsy using radiosurgery, there were variable alterations based on Magnetic Resonance Imaging, especially in the degree of vasogenic edema, that usually began about 9-12 months after the treatment and that correlated with onset of seizure remission.
Bartolomei et al., in 2008
35 , reviewed the long-term results of Gamma Knife Radiosurgery for mesial temporal lobe epilepsy, evaluating only those patients that received a marginal dose of 24 Gy. Fifteen patients were included. After a mean follow-up of 8 years (minimum 5 years), 60% were seizure-free (Engel Class I). In these cases, they emphasize that the seizure relief occurred with a mean delay of about 12 months, usually preceded by a period of a higher aura and seizure incidence.
A major concern after radiosurgery is the possibility of the occurrence of side effects. Visual field defects are reported to occur as much as in 62.5% of cases, notably homonymous superior quadrantanopsias 20 , a similar rate to those found after surgical resection. It is noteworthy that even in these cases, in general, patients do not complain of visual symptoms and the bedside evaluation were usually normal.
Other possible complaints have been found such as headache, vomiting, nausea and depression, which may need steroids prescription. Also, complications such as cerebral edema, radiation necrosis, motor deficits, cognitive impairment and cyst formation have been reported 25 .
Despite of similar results found in operated cases when compared with most series with radiosurgical treatment for MTLE, it must be stated that in our point of view, at present time, surgery remains as the gold standard of treatment.
Emphasizing that radiosurgery may be a promising treatment and further studies will be needed. Each case should go through a discussion with the medical team, the patient and his/her relatives, showing advantages and disadvantages.
Other indication that has been described and studied in epilepsy is the radiosurgery use for hypothalamic hamartomas (HH) 40 . These are rare congenital lesions, classically manifested by a triad of precocious puberty, gelastic epilepsy and developmental delay 38 . The chronic epilepsy in many cases tends to be refractory to most medical antiepileptic drugs, ketogenic diet and vagal nerve stimulation. When patients do not achieve a significant seizure control, devastating psychiatric and cognitive abnormalities may arise 39 . In recent time, radiosurgery has been found to be a valuable tool in selected cases, after the publication of numerous series with Gamma Knife treatment of hypothalamic hamartomas 35, 62 .
The largest experience is probably a multicenter study conducted by the Marseille Group, leaded by Dr. Jean Régis. In a paper, dated back to 2006, he analyzed the results of 60 consecutive patients, in which 27 had a follow-up superior to three years. From the long follow-up group, 59.2% of them showed a marked cognitive and behavioral improvement (37% were seizure-free and 22.2% with rare non-disabling seizures) 44 . In a further paper, Régis suggested the following treatment: Type I HH deeply embedded in the hypothalamus are treated safely and efficiently by Gamma Knife (GKS); Type II can be either surgically resected or treated by GKS; Type III should be treated by GKS; Types IV and V should be treated with surgical disconnection; Large Type VI should be first operated for disconnection and the upper remnant should undergo further GKS 45 .
Psychosurgery
In the history of medical science, many physicians and researchers have focused much of their effort in better understanding the relationship between brain structures and mental sickness. In the twentieth century, with a better organization of the society, there was an increasing concern on what to do with those with mood disorders.
After an initial enthusiasm for techniques such as frontal lobotomy, that came up after the initial studies of a Portuguese neurosurgeon, Egas Moniz, in 1936, there was a widespread use of this new technique in many institutionalized patients worldwide 56 , mostly without ethical parameters to control their overuse. In the following years, with the advent of antipsychotic drugs and the increasing criticisms from psychologists, these techniques have been seen in disregard. For decades, neurosurgical procedures for psychiatry have been seen as a medical outrage.
In 1974, in the United States, a National Committee has been created to evaluate patients that have been operated on psychic surgeries in the past. Although an initial negative expectancy of those members, they found that, in many cases, a positive result could be seen and for that reason they stated at the end that: "The operation shouldn't be banned"
Indeed, psychosurgery has incorrectly been seen as a threat to humankind and unfortunately, neurosurgeons have not been able to change that point of view. Some authors advise a change in the term psychosurgery for Psychiatric Surgery, but this approach alone does not seem to have a major impact in the public view.
For that reason, many governmental regulations have been approved in many countries, including Brazil. The main requirements have been: a) The need for a medical report done by two psychiatrists showing that the refractory symptoms could not be controlled with specific medications and psychological interventions; b) The propensity that each case should be evaluated by an independent Ethical Committee of the Hospital; c) Patients and their family should be explained of the effects of such procedure as well as possible side effects and complications with further signing of an Informed Consent Form and; d) In some states, there is a need for a request to the local State Medical Board.
In the history of radiosurgery, as mentioned above, many patients with psychiatric disorders underwent neurosurgical procedures, sometimes in a genuine attempt of trial and error, based on the anatomical and functional data available at that time. Nowadays, many open neurosurgical procedures remain suitable in selected cases, such as cingulotomy, subcaudate tractotomy, limbic leucotomy, capsulotomy, amygdalotomy and posteromedial hypothalamotomy.
The advent of techniques of neuromodulation using Deep Brain Stimulation (DBS) with electrodes has made possible a potential reversibility of the control of neural structures and has been regarded as the method of choice for surgery for these patients.
Despite the fact that radiosurgery is an ablative procedure, it has been regarded as an attractive possibility of treatment, due to some reasons: a) it is a non-invasive method; b) it involves an appealing high technology; c) the comfort of doing the whole treatment in only one session; d) the high accuracy of the target and; e) the increasing number of patients treated which gives it more predictable results.
The most common indication for radiosurgical interventions for psychiatric disorders has been in Obsessive Compulsive Disorder (OCD). The main target in these patients is the anterior part of the internal capsule (anterior capsulotomy), as shown in Figure 2 .
Obsessive compulsive disorder is a psychiatric condition associated with recurrent and intrusive thoughts, images or impulses (obsessions) as well as repetitive ritualistic behavior or mental acts performed with the intention to prevent or reduce mental distress (compulsions). In this mental disorder, such findings are excessive and unreasonable, even though the patient feels that it is product of his/her own mind. This condition usually causes not only mental distress but also financial losses and social isolation.
About 3-8% of the population is affected by OCD 7 , whereas about half of them show severe symptoms. Around 40-60% of cases do not respond satisfactorily to a combination of medication and psychotherapy. Major depression and suicide ideation are common. When optimized medical treatment combined with psychotherapeutic interventions fail to achieve a significant relief, neurosurgical procedures may be beneficial. Techniques such as radiofrequency ablation of neural structures or DBS have been reported with varying results 17 .
Radiosurgery has been shown to be a valuable tool in the treatment of these patients, since the most common site for treatment, the anterior internal capsule may be easily seen and located using Magnetic Resonance Images.
Sheehan et al. 51 , published in 2013 a series of five patients with refractory OCD treated with Gamma Knife Radiosurgery (Gammacapsulotomy) at the University of Virginia. The treatment was done with only one 4 mm isocenter with a maximum dose of 140 to 160 Gy. After a median follow-up of 24 months, four of them (80%) showed a marked clinical improvement, while in the other (20%) there was a mild improvement. 
MoveMent DisorDers
Movement Disorders are undoubtedly a main subject in Functional Neurosurgery. Historically, the twentieth century has been very fruitful in understanding diseases such as Parkinson's Disease (PD), dystonia, choreoatetoris, and spasticity among others, after anatomical and physiological studies have shown how these structures can contribute to these findings.
Nowadays, surgical procedures for the control of movement disorders are part of the neurosurgical armamentarium and are usually an important part of advanced Neurosurgical Centers all over the world.
In PD, for example, ablative methods using radiofrequency thermocoagulation allowed a better understanding of the basal ganglia complex structures. The ablation of small anatomical sites, such as some thalamic nuclei, posteroventral portion of the globus pallidus, the subthalamic nucleus and the subthalamic area (Fields of Forel, Zona Incerta and subthalamic nucleus projections) provokes changes that can balance the negative effects of Parkinsonism, such as tremor, bradikinesia and rigidity.
In recent times, however, in most centers, ablative procedures have been replaced by DBS, which has the benefit of potential reversibility, the opportunity of increasing or reducing the impact of the stimulated cells, and the possibility of additional treatments, among others. On the other hand, DBS has some disadvantages including surgical risks, high cost of the whole apparatus, the possibility of system malfunction and the dependence that the patient has with his medical team.
In PD, radiosurgery may be beneficial in selected cases, but some concerns should be kept in mind before indicating this type of treatment. The first is the fact that in radiosurgery, unlike open surgery, does not allow intraoperative neurophysiological confirmation and the precise point is based on anatomical coordinates only 1 . Unlike DBS, radiosurgery cannot be regulated after it has been done and the physician should concern about the different responses in different patients. Therefore, most cases of radiosurgery for PD have been done in selected patients that are not ideal candidates for open surgery 8 , such as the elderly or not cooperative patients.
In radiosurgery, probably the most used target in Movement Disorder treatment is the thalamus. It is well documented that specific nuclei, especially the Ventral oralis posterior (Vop) and especially the Ventral Intermedius (Vim) are related to the genesis of the tremor. Thereafter, an ablative technique in these locations could be delivered in order to balance the adverse effects of tremor in Parkinson Disease, Essential tremor or tremors related to Multiple Sclerosis.
It is noteworthy that Schuurman et al. 48 published in 2008 a randomized trial of either DBS or ablative procedures in the thalamus (i.e. radiofrequency thalamotomy) for patients diagnosed as PD, essential tremor or multiple sclerosis. They noted that the functional status was slightly in favor of thalamic DBS at 6 months, 2 and 5 years. The tremor suppression ended equally effective in both procedures, but in half of patients with DBS for essential tremor and multiple sclerosis, the tremor showed a decreased control, in favor of thalamotomy. Maybe, in the cases, ablative procedures could have a major role.
Young et al. 66 published a series of 55 patients treated with Gamma Knife Radiosurgery for Movement Disorders with a single 4 mm shot, either in the thalamus or in the globus pallidus, with doses varying from 120 to 160 Gy. As well described in the literature, they described that thalamic lesions were effective for tremor control (88% became completely or almost-completely tremor-free), whereas pallidal lesions were effective for levodopa-induced dyskinesia (85.7% total or near-total relief), bradykinesia and rigidity. One patient (1.8%) with pallidal lesion, however, developed a homonymous hemianopsia after 9 months.
Kooshkabadi et al 33 published in 2013 a review of 86 patients that underwent Gamma Knife for tremor, including Parkinson's Disease (n=27), Essential Tremor (n=48) and Multiple Sclerosis (n=11). The treatment was based in a single 4 mm shot in the Ventral intermedius nucleus of the thalamus (Vim). The evaluation was done based on Fahn-Tolosa-Marin clinical tremor rating scale and showed a significant decrease (from 3.28 to 1.81) in tremor, handwriting and ability to drink in most patients. However, 19% of patients failed to respond and complications were seen in 4 cases (2 temporary hemiparesis, 1 related dysphagia e 1 had a sustained facial sensory loss). They conclude that GK radiosurgery for Movement Disorder is an effective and safe procedure in selected cases of patients who cannot undergo DBS or ablative (radiofrequency) procedures.
conclusions
Radiosurgery is an important tool in the neurosurgical armamentarium and has been showed effective and safe in the treatment of Functional disorders, such as pain, epilepsy, movement disorders and psychosurgery. However, a correct and accurate selection of cases is mandatory.
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